The following resources related to this article are available online at
We turn now to the final part of our discussion of the electrical structure of COS dielectrics. Interface charge is recognized as a substantial problem for field-effect charge inversion in a transistor. Interface charge can completely screen the semiconductor from an applied field and even result in a discontinuity in dielectric displacement, as was the case for the ferroelectric field of BaTiO 3 crystals glued to germanium (13, 14) . The thesis of our heteroepitaxial approach is that oxide dielectrics can be grown as monolithic single-crystal structures on semiconductors, tying up the dangling bonds that are typical of the amorphous SiO 2 /Si structure. This would in turn eliminate extrinsic interface charge and maintain continuity in dielectric displacement at the oxide/semiconductor interface. We used capacitance data (Fig. 4) to prove this point.
High-frequency (HF, 1 MHz) and low-frequency (LF, 10 Hz) capacitance data were taken from a 250 Å-thick BaTiO 3 film on p-type germanium (Fig. 4A ). An expanded view of the data in the bias range where the germanium surface potential varies from zero to its value at the Fermi level is shown (Fig. 4B) . We can extract the density of interface charge (our measure of interface perfection) from ⌬C, C LF -C HF in this bias range (21) .
The capacitance of the MOS capacitor can be broken down into its component parts C ox and C Ge , as identified in the equivalent circuit inset in Fig. 4A (C ox is the specific capacitance of the BaT:O 3 film). C Ge is dependent on the germanium surface potential, interface defect charge, and inversion charge. The hashed regions are the bias range where the field effect is "depleting" the oxide semiconductor interface of majority carrier charge and initiating the process of minority carrier charge inversion (the upward turn of C LF in Fig. 4A is the signature of field-effect-driven electron-hole pair generation and charge carrier inversion in the underlying p-type germanium). Dielectric displacement via gate charge must overcome the screening effect of any interface-trapped charge before the germanium inversion charge can even respond. ⌬C in this depletion region provides a measure of any extra capacitance that might be associated with the charging dynamics of interface traps.
The electron-hole recombination rate in this depletion region is frequency-dependent, as is the rate at which electrons can move into and out of interface traps. The majority carrier electron-hole contribution to C Ge can keep up at high frequencies, but electron trapping at the interface cannot. Therefore, by sweeping the frequency () of the small signal ac gate voltage, dV g (), the capacitance associated with interface trapped charge, C it (), goes to zero as f ϱ. the contribution of interface charge can be separated.
The data for the determination of the interface trap density, D it , are provided (Fig. 4B) To our knowledge, this is the first demonstration of field-effect charge inversion for a gate oxide on germanium. Its basis is the generalization of our structure series (AO) n (AЈBO 3 ) m and the atomic-level flexibility that this structure series gives us to manipulate physical and electrical structure in a MOS capacitor. The COS approach enables the formation of commensurate interface structures while maintaining continuity in dielectric displacement and systematic control of inversion charge. COS in a MOS device is applicable to silicon or germanium and to any silicon-germanium alloy. Moreover, it offers promise in support of emerging technologies such as ferroelectric lithography (27) and quantum computing (28, 29) Interannual fluctuations in the coupled climate system over the tropical Pacific Ocean may induce substantial variability in the global carbon cycle because of effects on biological production in this region (1-6 ). In particular, new production (7 ) is a critical element in this assessment (2), because it is the central engine of the biological carbon pump that, along with the solubility pump (8), maintains the gradient of dissolved inorganic carbon between the surface and the deep ocean. Over long time scales, it should be equivalent to the carbon that is exported from the surface ocean (7) . In recent years, fluctuations in new production have been evaluated at a limited number of locations in the equatorial Pacific (5, 6, (9) (10) (11) (12) (13) (14) ; however, an evaluation of the net effect of El Niño-Southern Oscillation (ENSO) on the rates of new production over the entire equatorial band is lacking because of the spatial and temporal limitations of field observations. We have used a combination of a large number of ship observations, data from the Tropical Atmosphere Ocean (TAO) buoy (15), and TOPEX/ Poseidon altimeter data (16 ) to quantitatively evaluate the interannual variability of new production in the entire equatorial Pacific band during the time period from 1992 to 2000, which includes the recent extreme 1997-98 El Niño and the strong 1998 -99 La Niña (17) . The resulting variation in the export of carbon during the 1997-99 period is of profound importance for the planetary carbon cycle, because carbon may be sequestered below the thermocline over time scales that are long in relation to the current atmospheric CO 2 transient. Direct measurements of new production along the equator have suggested that interannual variation in new production in the western and central equatorial Pacific correlates well with changes in nutricline and thermocline depth during El Niño (3, 6 ), a result that is consistent with changes in phytoplankton pigment concentration associated with changes in sea level (18) . This is a result of increases in the supply of nutrients into the upper well-lit surface layer. Frequently, as a result of nutricline/thermocline shoaling, large variations in new production appear at depth below the upper surface mixed layer and do not have a signature in the surface pigment (6 ) . Consequently, existing satellite approaches for deriving information about new production from surface color signatures, and an assumed ratio between new primary production and total primary production (f ratio) (7, 19) , would result in large underestimates.
We have used observed relationships between sea level, thermocline depth, and new production to determine the basin-scale interannual variability of new production in the equatorial Pacific. We take advantage first of the spatial coverage of remotely sensed sea level afforded by the TOPEX/Poseidon altimeter to infer changes in the depth of the thermocline (20) and second, of a newly derived relationship between the thermocline depth and the vertically integrated rate of new production (21) . These data clearly show that sea level is a robust indicator of thermocline movement in the equatorial Pacific (Fig. 1) . The 10-day sea level anomalies and the 10-day 20°C depth anomalies are highly correlated with one another. The coefficient of determination, r 2 , is 0.86 and 0.85 in the western (145°E to 165°E) and eastern (165°W to 100°W) portions of the equatorial band, respectively, and 0.73 in the central region (165°E to 165°W). Possible reasons for relatively lower correlation in the central region may include the role of lateral advection and higher noise-to-signal ratio at the pivot point of the thermocline movement in this area. The average slope of the regression is 177 Ϯ 3 (meters of thermocline displacement/meter of sea level adjustment, Ϯ1 SE of the slope). These results are consistent with other recent observations of surface manifestations of subsurface isopycnal displacement (22) .
The relationship between the 20°C depth and integrated new production was first calculated for the same three geographical regions as above. The depth of the 20°C isotherm and integrated new production are well correlated in both the west (r 2 ϭ 0.83) and east (r 2 ϭ 0.50) and are out of phase spatially. In the west, the thermocline/nutricline shoals during El Niño and consequently new production rates increase, whereas in the east, the thermocline/nutricline is deeper during El Niño and new production declines (6) . In the central Pacific, the relationship between the 20°C depth and new production resembles that observed in the western region during El Niño conditions and resembles that observed in the eastern region during non-El Niño conditions. After the pooling of all data from the entire equatorial Pacific band, the integrated new production and the depth of the 20°C isotherm (Fig. 2 ) are highly correlated (P Ͻ 0.001), with a slope of -0.015 Ϯ 0.004 mmol of N m Ϫ3 day Ϫ1 and an intercept of 3.32 Ϯ 0.63 mmol of N m Ϫ2 day Ϫ1 (Ϯ1 SE of the slope and intercept). We also considered an alternate model that included local wind stress in order to evaluate the importance of local upwelling. This model did not significantly improve the fit to the new production data because of the dominant role played by thermocline depth variations on interannual time scales in controlling vertical fluxes of heat and nutrients into the surface layer (23) .
We used these relationships to calculate the interannual fluctuations of new production from TOPEX/Poseidon data over the entire equatorial band (140°E to 100°W, 1°N to 1°S) over the period 1992-2000. The resulting time series of new production in the equatorial Pacific exhibits pronounced inter- (13), and x's (14) are published averages from 1°N to 1°S (Ϯ1 SE) from various locations and time periods (21) .
annual variability (Fig. 3) . During El Niño conditions, new production increases in the west and decreases in the east as a result of the change in nutrient supply associated with variations in the depth of the thermocline. This result is consistent with recent observations of the influences of thermocline uplift and biomass changes over the global ocean associated with Rossby waves (24 ) , mesoscale upwelling in subtropical gyres (22) , and tropical instability waves near the equator (25, 26) . The net effect over the equatorial Pacific is a reduction of new production during El Niño and an increase during La Niña (Fig. 4) , due to the dominance of the eastern equatorial Pacific in the new production dynamics.
The 1997-98 El Niño, by some measures the strongest on record, was followed by the strong 1998 -99 La Niña. The consequences for the biological productivity of the equatorial Pacific region were substantial, resulting in a decrease of 30% in the export of carbon from the mean state over the equatorial Pacific during the 1997-98 El Niño and an increase of 40% during the 1998 -99 La Niña. Our estimate of the mean areal new production in the equatorial Pacific outside of either the El Niño or La Niña periods (1.8 Ϯ 0.4 mmol of N m Ϫ2 day Ϫ1 ) is comparable to that computed independently from estimated total primary production and an assumed f ratio in the eastern and central Pacific [ ]. However, the reduction associated with El Niño and the increase due to La Niña are smaller than that computed for these regions alone (5). This is because of our inclusion of the western Pacific, where the out-of-phase thermocline tilting between west and east moderates the amplitude of the derived response averaged over the entire basin. If we accept previous estimates of the contribution of the equatorial Pacific to global oceanic carbon export (2) (10 to 56%), then the amplitude of the El Niño/La Niña cycle imposes a variation of 3 to 22% in the amount of carbon lost from the global surface ocean.
Our conclusions with respect to variations in new production are consistent with satellite observations of changes in phytoplankton pigment that clearly demonstrate the transition from El Niño to La Niña conditions in the central equatorial Pacific (27 ) . Although there are no direct measurements of new production during this time when the thermocline was shoaling, the increase in pigment in early 1998 is an unequivocal manifestation of increased new production. In addition, our estimates of interannual variations in new production correspond closely to independent estimates of the vertical volume transports in the thermocline, estimated for the region from 8°N to 8°S and 156°E to 95°W during 1992-2000 from TAO and Expendable Bathythermograph temperature data and from wind stress estimates by the European Center for Medium Range Weather Forecasts (28) . This correspondence adds further confidence to our conclusion that vertical fluxes regulate the supply of nutrients into the euphotic zone in the equatorial Pacific, and therefore govern new production, on ENSO time scales.
Previous studies have suggested that biological production and phytoplankton biomass in the eastern equatorial Pacific are limited by iron (29) or silicate (30) rather than by nitrate. However, in the eastern Pacific, iron and silicate input are largely a result of vertical fluxes, so that iron, silicate, and nitrate inputs are correlated in the vertical. Thus, although the proximate limitation of new production might be iron or silicate rather than nitrate input (29), our conclusions regarding the relationship between new production and thermocline depth as estimated from satellite altimetry will be unaffected.
The analysis presented here permits the estimation of key processes in the ocean carbon cycle on synoptic scales in the equatorial Pacific, by taking advantage of the spatial coverage provided by remotely sensed observations together with a transfer function derived from in situ observations. The net basin-integrated effect of El Niño and La Niñ a events on the rates of biological production in the equatorial Pacific is significant and plays a strong role in the largest known natural year-to-year perturbation of the global carbon cycle (5, 25, 31) . Future observations will provide data to validate the approach on larger spatial scales, extending it to off-equatorial regions and possibly to global scales. The years 1995 to 2000 experienced the highest level of North Atlantic hurricane activity in the reliable record. Compared with the generally low activity of the previous 24 years (1971 to 1994), the past 6 years have seen a doubling of overall activity for the whole basin, a 2.5-fold increase in major hurricanes (Ն50 meters per second), and a fivefold increase in hurricanes affecting the Caribbean. The greater activity results from simultaneous increases in North Atlantic sea-surface temperatures and decreases in vertical wind shear. Because these changes exhibit a multidecadal time scale, the present high level of hurricane activity is likely to persist for an additional ϳ10 to 40 years. The shift in climate calls for a reevaluation of preparedness and mitigation strategies.
The Recent Increase in
During 1970 -1987, the Atlantic basin experienced generally low levels of overall tropical cyclone activity. The relative lull was manifested in major hurricane (1) activity (Fig. 1) , major hurricane landfalls on the East Coast of the United States and overall hurricane activity in the Caribbean. A brief resurgence of activity in 1988 and 1989 made it appear that the Atlantic basin was returning to higher levels of activity similar to the late 1920s through the 1960s (2). This notion was later discarded when the activity returned to lower levels from 1991-1994 (3), due in part to the long-lasting (1990 -1995) El Niño event (4). This event ended in early 1995 and was followed later that year by one of the
